a r t i c l e s is disordered rather than proteolyzed. The CTD linker (residues 883-933) is not observed in the structure, and thus the distal CTD could be attached to a number of different adjacent catalytic cores in the crystal lattice (for example, Supplementary Fig. 4 ). The distal CTD (residues 934-1192) consists of three primarily antiparallel helical segments that extend along nearly the full length (~140 Å) of the domain (Figs. 1b and 2a) . The first segment contains the Dα1 (residues 935-946), Dα2 (954-958) and Dα3 (960-1008) helices. Dα3 forms an extended antiparallel coiled-coil interaction with the Dα4 helix (residues 1027-1107) in the second segment. Dα4 in turn forms an extended antiparallel coiled-coil interaction with Dα5 (residues 1115-1183) in the third segment. The Dα1 and Dα2 helices at the beginning of the first segment, and Dα6 (residues 1184-1192) at the end of the third segment, form 'arms' that cross the same face of the domain and pack against the principal helices of the other two segments (Figs. 1b and 2a) .
Although clearly sharing the same fold, the PLCβ3 distal CTD superimposes poorly with that of turkey PLCβ (PDB 1JAD 26 ; Fig. 2a) , with an r.m.s. deviation of 4.4 Å for the Dα2-Dα6 helices (197 Cα atoms), much higher than the expected 1.6-Å r.m.s. deviation on the basis of sequence identity alone (27%) 30 . One difference lies in the Dα5 helix, which is kinked in the PLCβ3 CTD structure by Pro1166. A second difference is that the PLCβ3 CTD is more curved than the turkey CTD, such that when the two domains are superimposed, the ends of the PLCβ3 domain are bent more toward the side of the domain with the arms. This could be due to differences in the crystal packing of each structure, or to the fact that the turkey CTD crystallized as a homodimer, or to the multiple protein-protein interactions formed by the PLCβ3 distal CTD within its crystal lattice, or to a combination of all these factors. Although the turkey CTD contained a deletion in the Dα3-Dα4 loop at one end of the domain, this deletion corresponds to residues that are disordered in the PLCβ3 CTD and are therefore unlikely to be responsible for global differences in domain conformation. A homology search using Dali 31 confirmed the structural similarities between the distal CTD and the turkey CTD structure (Z scores of 15.4 and 8.6 for the B and A chains of the turkey CTD homodimer, respectively) as well as homology to BAR domains, with Z scores between 6.7 and 8.3. BAR domains are also extended helical bundles composed of three helical segments and have a similar topology to the distal CTD (Supplementary Fig. 5 ). BAR domains interact nonspecifically with negatively charged phospholipids, as has been reported for the PLCβ isozymes 25, 28, 29, 32 , and they can sense and/or induce membrane curvature 33, 34 .
Conservation of the distal CTD reveals putative interaction surfaces
Most of the highly conserved residues in the distal CTD (Supplementary Fig. 1 ) are hydrophobic and pack between the three segments of the domain to form a hydrophobic core, with the largest cluster located at the interface of the Dα2, Dα4 and Dα5 helices at the center of the domain (Fig. 2b) . Two other clusters of conserved residues are on the surface of the domain and probably serve other functions. A ridge of highly conserved basic residues runs along the same face of the Dα3 and Dα4 helices (Fig. 2c) npg a r t i c l e s a potential membrane-interaction site. Indeed, previous studies found that deletion of the distal CTD abolishes particulate association 21, 23, 25, 28 , and mutation of conserved basic residues within Dα3 of PLCβ1 impairs maximal Gα q -stimulated activity 21, 27 . The electrostatic surface of the domain (Fig. 2d ) is also consistent with the ability to bind negatively charged membranes. Some BAR domains also have basic patches located at similar topological positions to those observed in Dα3 and Dα4, which suggests a functional relationship with the PLCβ distal CTD [33] [34] [35] . A second patch of conserved surface residues is formed by residues Ile1129, Val1133 and Ile1136 in the Dα5 helix (Fig. 2c) . This region is orthogonal to the putative membrane-binding surface and may therefore represent a protein-protein interaction site involved in regulation of PLCβ at the membrane.
Solution architecture of the Ga q -PLCb3 complex
The distal CTD makes several direct contacts with Gα q and the catalytic core of PLCβ3 in the crystal lattice. Although of all these interactions could not be formed at the same time by a single distal CTD in the context of a PLCβ monomer, each one represents an interaction that could contribute to activity, regulation or both. To identify which of the interactions made by the distal CTD also occur in solution, we used single-particle cryo-EM to determine the solution structure of the Gα q -PLCβ3 complex. A combination of thin vitrified ice and CCD image acquisition under an electron accelerating voltage of 120 kV allowed adequate contrast for alignment of the ~180 kDa protein particle projections (Fig. 3) . We initially calculated a preliminary three-dimensional (3D) reconstruction from our entire data set of 40,124 projections by using the Gα q -PLCβ3 structure without the distal CTD as an initial reference. The reconstruction was characterized by relatively poor definition for the Gα q -PLCβ3 core and lacked clear density for the distal CTD. Instead, several noiselike densities appeared at various positions about the core complex (Supplementary Fig. 6 ).
To test whether the observed peripheral densities corresponded to flexibility or multiple distinct conformations of the distal CTD with respect to the catalytic core, we employed multiple 3D referencesupervised classification to categorize the cryo-EM projections. The categorization was based on the similarities of projections to reprojections of four 20-Å-filtered volumes representing different direct Gα q -PLCβ3 interactions with the distal CTD that were observed in the crystal lattice. We then used the cryo-EM projections in each category to generate four independent 3D reconstructions, all using the same starting reference, which corresponded to a 20-Å-filtered volume of the Gα q -PLCβ3 catalytic core without the distal CTD (Fig. 3) . The omission of the CTD density in the reference volume ensured that we eliminated any reference bias for its position with respect to the catalytic core.
The majority of cryo-EM projections showed good agreement with two of the initial reference structures (>30% of projections each; Fig. 3 ). These two subgroups provided 3D reconstructions with very good definition for the core complex and additional elongated density attached at two different positions (Fig. 4a,b) . These nonbiased reconstructions (for the CTD), with estimated resolutions of 19 Å and 21 Å (at Fourier shell correlation = 0.5; Supplementary Fig. 7 ), showed excellent agreement with the two corresponding models used for particle categorization with a cross-correlation greater than 0.93. In contrast, the other subgroups (with ~18% of projections each; Fig. 3 ) not only failed to reveal a clear density for the distal CTD but also showed very poor volumes for the Gα q -PLCβ3 core complex. This may indicate that the orientation of the distal CTD within these subgroups is highly variable, resulting in overall projection misalignment and consequently poor-quality 3D reconstructions.
Therefore, under our experimental conditions, two of the interactions of the distal CTD are favored in solution and recapitulated in the crystal lattice (Fig. 4) . Both involve conserved residues. The first interaction is between the distal CTD and the N-terminal amphipathic helix of Gα q (Fig. 4a,c) . The second is between the distal CTD and the hydrophobic ridge of the PLCβ3 catalytic core (Fig. 4b,d ), a cluster of conserved and solvent-exposed hydrophobic residues adjacent to the active site that are thought to insert into the membrane and promote catalysis 36, 37 . The latter interaction would therefore be predicted to simultaneously hinder access of substrates into the active site and prevent the conserved basic patch on Dα3 from interacting with membranes.
Functional analysis of the Ga q N terminus-distal CTD interaction
To assess the significance of the interaction between the distal CTD and the N-terminal helix of Gα q (Fig. 4a,c) , we expressed a truncated Gα q , in which the first 36 residues, corresponding to its N-terminal helix, were deleted (Gα q -∆N), and a PLCβ3 I1129E V1133E I1136E triple mutant (PLCβ3 EEE), which eliminates the hydrophobic patch on Dα5. We used a liposome-based assay to measure the rates of basal 26 . Although they have the same fold, they differ substantially in conformation in that the PLCβ3 distal CTD is more curved. Disordered loops within the distal CTD are marked as dashed lines. (b) The distal CTD is stabilized by conserved hydrophobic residues (gray spheres) that pack between the three segments of the domain (alignment is shown in Supplementary Fig. 1 ). The view is from the opposite side of the domain as shown in a, rotated around a horizontal axis. (c) The distal CTD has two conserved, solvent-exposed regions: a basic ridge along Dα3 and Dα4 (blue spheres) and a hydrophobic patch on Dα5 (yellow spheres). In our structure, the hydrophobic patch interacts with the N terminus of Gα q (shown in Fig. 1b and Fig. 4a,c) . (d) Electrostatic surface of the distal CTD. The top image corresponds to the same view as in b. The surface is colored from −4 kT e −1 (red) to +4 kT e −1 (blue). npg a r t i c l e s and Gα q -stimulated PIP 2 hydrolysis. The maximum activities of PLCβ3 and PLCβ3 L876A, which contains a mutation that abrogates Hα2′ autoinhibition, were significantly lower (P < 0.0001 and P < 0.001, respectively) when stimulated by Gα q -∆N than wild-type Gα q ( Table 2 and Supplementary Fig. 8a,b) . The Gα q -stimulated activities of PLCβ3 EEE and PLCβ3 L876A EEE were also reduced compared to those of wild-type PLCβ3 and PLCβ3 L876A, respectively. Conversely, the activities of PLCβ3-∆892, which lacks the distal CTD, and PLCβ3 EEE were the same for Gα q and Gα q -∆N, which indicated that these PLCβ3 variants were insensitive to the presence of the N-terminal helix of Gα q ( Table 2) .
We also tested whether perturbation of the Gα q interfaces formed by the distal CTD would decrease binding affinity for activated Gα q . We used a flow cytometry-based bead-binding assay to measure the ability of PLCβ3 variants to displace a fluorescently labeled mutant of PLCβ3 (PLCβ3-∆892 R872A L876A L879A) 19 from bead-bound Gα q . In this assay, PLCβ3 bound Gα q with significantly higher affinity than did PLCβ3-∆892 (K i values of 220 ± 30 nM and 490 ± 66 nM, respectively; P < 0.001) but with significantly less affinity than did PLCβ3 L876A (K i = 20 ± 3.2 nM; P < 0.01) ( Table 2 and Supplementary  Fig. 8c) , consistent with the L876A mutation abrogating the autoinhibitory interaction of Hα2′ with the catalytic core 19 . Although these K i values are overall higher than reported in prior studies 19 , they maintain the same trends. The values are also higher than the half-maximum effective concentration (EC 50 ) values we measured for activation. This is probably because the bead-binding assay lacks liposomes, which probably enhance the apparent affinity of Gα q for PLCβ3. We next tested whether the interaction between the distal CTD and the N-terminal helix of Gα q was responsible for the difference in binding affinities between PLCβ3 and PLCβ3-∆892, using the Gα q -∆N and PLCβ3 EEE variants to abolish the interface. However, neither variant showed a significant binding defect ( Table 2 and Supplementary Fig. 8d) , which is consistent with their similar EC 50 values for activation. Thus, our results support the conclusion that a direct interaction between the N terminus of Gα q and the hydrophobic patch of Dα5 in the distal CTD occurs during catalysis and is required for full efficacy but not potency.
Ga q palmitoylation also contributes to full efficacy
The Gα q proteins used in these experiments were purified from the soluble fraction of baculovirus-infected insect cells, but some fraction of these proteins may retain palmitoyl groups at Cys9 and Cys10 (ref. 38) , which could account for the higher efficacy observed for fulllength Gα q relative to Gα q -∆N. Acyl-biotin exchange chemistry confirmed that at least a fraction of the purified Gα q was palmitoylated (Supplementary Fig. 9 ). Thus, we assessed the ability of palmitoylationdefective Gα q (Gα q C9S C10S) to activate PLCβ3 variants ( Table 2 and Supplementary Fig. 8b ). Gα q -∆N and Gα q C9S C10S activated PLCβ3 and PLCβ3 L876A with similarly low efficacies, which indicates that palmitoylation does contribute to the higher efficacy observed for wild-type Gα q in vitro. However, palmitoylated Gα q probably increases PLCβ3 activity through a mechanism other than increased localization of the complex to vesicles, as it does not seem to increase association of PLCβ3 with membranes 25, 38, 39 . PLCβ3-∆892 was activated to similar extents by Gα q , Gα q -∆N and Gα q C9S C10S ( Table 2) , which indicated that the palmitoylation status of Gα q is irrelevant in the absence of the distal CTD. Figure 3 Cryo-EM projection classification and 3D reconstruction scheme. Particle projections (40, 124) were subjected to multiple 3D reference-supervised classification against volumes of four Gα q -PLCβ3 core complexes observed in the crystal lattice. The density corresponding to Gα q is shown in gray, the PLCβ3 core in blue and the distal CTD in purple. Each group of particles was used to generate a unique 3D reconstruction using the Gα q -PLCβ3 structure, omitting the distal CTD, as the initial reference. Two final 3D reconstructions were of good quality, as judged by the definition of the Gα q -PLCβ3 core complex (green stars). The distal CTD is docked with the N-terminal helix of Gα q in the first model and with the hydrophobic ridge of the catalytic core of PLCβ3 in the second model. The third model represents a contact between the Dα3-Dα4 loop of the distal CTD and the second EF hand (Eα2 and Fα2 helices) of the catalytic core. The fourth model represents an interaction between the distal CTD and the Ras-like domain of Gα q ( Supplementary  Fig. 2d ). On the basis of functional analysis ( Table 2 ) and failure to obtain reliable reconstructions, the last two interactions (models 3 and 4) probably represent simple lattice contacts. A representative cryo-EM image of purified Gα q -PLCβ3 complexes is shown at the top of the figure. 
r t i c l e s
PLCβ3 and the Ga q -PLCb3 complex are monomeric The residues that comprise the hydrophobic patch in Dα5 contribute to a homodimer interface in the turkey distal CTD structure 26 . Therefore, defects in specific activity exhibited by mutants such as PLCβ3 EEE could be attributed to disruption of the dimer interface. In addition, dimerization of the distal CTD, though structurally incompatible with the Gα q N-terminal helix-distal CTD interaction (Fig. 4a,c) , could occur simultaneously with the PLCβ3 core-distal CTD interface (Fig. 4b,d ). We therefore tested whether full-length PLCβ3 or Gα q -PLCβ3 formed higher-order complexes by using multiangle light scattering. PLCβ3 and Gα q -PLCβ3 elute from a WTC-050S5 silica-based column at molecular weights of 152 kDa and 182 kDa, respectively, very close to the expected molecular weights for monomeric PLCβ3 (139 kDa) and Gα q -PLCβ3 species (181 kDa). Furthermore, cryo-EM images of the Gα q -PLCβ3 complex incubated on the surface of PIP 2 lipid monolayers did not reveal higher-order assemblies of the complex (data not shown), which suggests that membrane association does not induce oligomerization. Thus, the differences in efficacy measured for mutants such as PLCβ3 EEE do not seem to be linked to changes in the oligomeric state of the enzyme.
Analysis of other interfaces of the distal CTD formed in crystals
The interface formed between the distal CTD and the PLCβ3 hydrophobic ridge (Fig. 4b,d ) could represent a mechanism by which the distal CTD contributes to the regulation of basal activity. We therefore generated Leu341, Phe381, Met383, Thr652 and Val654 point mutants in both PLCβ3 and PLCβ3-∆892. Of these, only T652E could be expressed and purified in the background of the PLCβ3 construct, which suggested that these residues are essential for (5) a Previously reported 19 . b Numbers (n) of independent experiments conducted in duplicate are shown in parentheses. ND, not determined. npg a r t i c l e s protein folding, stability or both. PLCβ3 T652E and PLCβ3-∆892 T652E showed substantial decreases in basal activity, higher EC 50 values and greatly reduced efficacies upon Gα q activation, which confirmed the importance of the hydrophobic ridge in PLCβ3 for overall activity ( Table 2 ). The activity of the T652E mutant was the same regardless of the presence of the distal CTD, which suggested that the distal CTD does not influence basal activity. However, our inability to confirm this with other mutations in this region renders interpretation difficult. The distal CTD also contacts the Ras-like domain of Gα q , burying ~850 Å 2 of surface area (Supplementary Fig. 2d) . In this interaction, the Gα q α3-α4 loop and α4 helix interact with residues in Dα3 and Dα4 of the distal CTD. Gα q Pro298 forms a hydrophobic contact with the side chains of Arg1062 and Gln1066 in αB, and electrostatic interactions are formed between Gα q Asp296 and K311A and Dα3 residues Arg969, Asp973 and Glu976. To test this interaction, we expressed D296A P298D and K311A variants of Gα q and assayed their ability to bind and activate PLCβ3 variants. All were able to activate PLCβ3 variants with EC 50 values and maximal activity comparable to wildtype Gα q , although EC 50 values for D296A P298D were elevated. However, none had a significant effect on binding affinity ( Table 2) .
Another interaction observed in crystals is between the Dα3-Dα4 loop of the distal CTD and the second EF hand (Eα2 and Fα2 helices) of the catalytic core. Although this interaction is sufficient to cause a conformational change in a loop of the EF hand relative to the 3OHM structure and the other chain of PLCβ3 in our structure, the residues involved in this interaction are poorly conserved and not well ordered. Indeed, Dα3-Dα4 loop residues 1009-1026 could not be modeled. Thus, this interaction most likely represents a simple crystal contact.
The CTD linker is required for Ga q activation
Point mutants of residues in the hydrophobic ridge that interact with the distal CTD suggest that these positions are essential for folding and basal activity, consistent with their proposed role in catalysis. We therefore indirectly tested this interface by deleting the CTD linker, which should prevent the distal CTD from forming any of the interactions observed in the crystal lattice or by cryo-EM. PLCβ3-∆882-938 showed a significant increase in basal activity compared to that of PLCβ3 (P < 0.0001; Table 2 ). This increase could be attributed to a loss of autoinhibition mediated by the distal CTD or to an increase in the local concentration of the catalytic core at the membrane by virtue of a shorter linker. However, deletion of the CTD linker had no significant effect on basal activity in the background of PLCβ3 L876A ( Table 2) . Thus the mechanism by which basal activity is increased is not clear. Notably, Gα q failed to activate PLCβ3-∆882-938 or PLCβ3-∆882-938 L876A at all concentrations tested ( Table 2 and Supplementary  Fig. 8a ), even though both proteins bound Gα q with comparable affinity to PLCβ3 and PLCβ3 L876A, respectively ( Table 2 and Supplementary Fig. 8c) . Because the sequence of the CTD linker is not conserved among PLCβ isozymes, its length and/or flexibility seems to be required for the proximal and distal CTDs to form the interactions necessary for activation by Gα q .
DISCUSSION
The structure of Gα q in complex with full-length human PLCβ3 provides new insights into the structure and potential functions of the enigmatic distal CTD of PLCβ isozymes. One edge of this domain bears highly conserved basic residues that probably directly interact with negatively charged membranes. Structural similarity between the distal CTD and BAR domains (Supplementary Fig. 5 ) is also consistent with membrane targeting being a key role for the distal CTD, and this raises the possibility that the distal CTD may likewise sense or influence membrane curvature 33, 34 . Orthogonal to this surface is a conserved hydrophobic patch that interacts with the amphipathic N-terminal helix of Gα q in both the crystal structure and cryo-EM reconstructions. Our in vitro functional analysis supports a role for this interaction in promoting full efficacy of activation by Gα q . However, oligomerization does not appear to have a role in this process 26 , as PLCβ3 and the Gα q -PLCβ3 complex are monomeric by structural analysis and multiangle light scattering.
Our structural and functional analysis of the distal CTD in the context of a fully functional signaling complex allows reinterpretation of Fig. 4b,d ). Upon activation, Gα q binds the Hα1-Hα2 helical hairpin (blue), displacing Hα2′ from the catalytic core. The hydrophobic patch of the distal CTD engages the N-terminal helix of Gα q (green) and helps orient the catalytic core of PLCβ with respect to the lipid bilayer. The palmitoylated cysteines of the Gα q N terminus (green lines) also help anchor the complex at the membrane. This model was created by independently docking the N-terminal helix of Gα q in complex with the distal CTD and the remainder of Gα q in complex with the PLCβ3 core at a common membrane surface, then translating the distal CTD complex such that the Gα q N-terminal helix makes a reasonable connection to the rest of Gα q . The model also brings the PH domain in proximity to the membrane, consistent with studies indicating that this domain also contributes to membrane binding 44, 47 . npg a r t i c l e s prior functional studies. One study 27 identified five regions in the distal CTD of rat PLCβ1 that caused significant defects in Gα q activation and GAP activity ('group III' mutants; Supplementary Fig. 1 ). The first three regions perturbed the conserved basic residues in Dα3 and Dα4 that we propose to be involved in membrane binding. The fourth region perturbed the hydrophobic patch that interacts with the N terminus of Gα q . Site-directed mutation of the conserved basic residues (particularly within Dα3) reduced Gα q -stimulated activity and greatly reduced association with the particulate fraction of cells 21 . Considered along with our data, substitution of the conserved basic residues most probably decreases Gα q -stimulated activity because the enzyme is impaired in its ability to associate with the membrane where its substrate is located. Defects in GAP activity resulting from perturbations of the distal CTD could likewise be explained as defects in membrane binding, as this property was measured in steady-state assays using receptor and heterotrimeric G proteins reconstituted in lipid vesicles 27 . However, membrane binding is clearly not the sole function of the distal CTD. Perturbation of the hydrophobic patch in Dα5 leads to a marked decrease in maximum Gα q -stimulated activity, despite the presence of palmitoylated Gα q and an intact membrane-binding surface on the distal CTD. Furthermore, deletion of the CTD linker leads to complete loss of Gα q activation in our assays ( Table 2 and Supplementary Fig. 8a ). The simplest explanation for these observations is that the interaction between the distal CTD and the palmitoylated N terminus of Gα q optimizes the orientation of the catalytic core at the membrane (Fig. 5) 1 . Thus, activation of the enzyme by Gα q is at least a combination of allosteric control (for example, release of autoinhibition by Hα2′) 19 and proper positioning of the catalytic core. Either or both of these processes could also influence displacement of the X-Y linker from the active site through a process of interfacial activation 18, 40 .
Adding to the complexity is the regulation of PLCβ by Gβγ subunits 4, 41 and small GTPases 42, 43 . Gβγ and small GTPases are typically geranylgeranylated, which results in their constitutive association with the cell membrane. Activation by Gβγ and Rac1 has also been proposed to involve the optimization of the orientation of the PLCβ active site at the membrane 43, 44 , but the role of the distal CTD in response to these activators is less clear. Future structural studies will be essential to understanding how Gβγ interacts with and activates PLCβ, in some cases synergistically with Gα q 45, 46 . 
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